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TME SCALING OF UNDERWATER EXPIOSION PHENOMENA
by

Hans G. Snay

ABSTRACT: The objective of this orel presentation was to summarize the
problems and the cemantics of sceling in & concise rorm without use of
mathematical developments. The well known cube-root scaling is showm to
be & ronsequence of Mach's similitude, the fourth-root sceling, of Froude's
similitude. Requirements which must be satisfied for each of these sceling
rules are discussed. Scaling of gravitational effects on underwater explo-
sions (bubble behavior) 1s not possible by means of model tests conducted
in a river or e pond, but requires test tanks in which the sir pressure sbove
the water cen be reduced or the acceleration of gravity incressed. The
scaling of surface tension, vepor pressure, and viscosity are discussed.
Model testc on damage to targets are not considered. A short discussion on
the concept of epproximate scaling is included.
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THE SCALING OF UNDERWATER EXPLOSION PHENOMENA

INTRODUCTION

Model tests and scaling play an indispcascble role in explosions research.
In the following paper, the attempt 1s mede to summarize the fundementsls of
scaling and to clarify the terminology. It will be further attempted to high-
light the possibilities as well as the limitations which are inherent to the
method of scaling.

SEMANTICS

It is a well-established fact that many scientific terms as used in physics,
chemistry, and other fields have a different connotation in the professional
and in the every day langusge. This includss the word "scaling".

In every day langusge, to scale means {among others) to weigh, compere, and
also to reduce in size according to a fixed ratio: for instence, the prices
were scaled down 5. The term "sceled experimeni" is occasionally used as e
synonym for small scale experiment. The latter usage is clearly cbjectiomable,
because in reference to scientific experiments the term scaling means more than
to reduce the scsle. If we speak of scaling laws, or if ve say, "the attempt
is made to scele the base surge by means of & model test", we definitely meen
more than just a reduction of size. We alwvays imply that, despite the reduction
of size, results applicable to the full scale event will be cbtained. Hence,
it is implied that the model test will reproduce in some way the full-scale
phenomenon we want to study. In other words, we imply that there is a
similarity between the full-scale and the model test. The word "model"
actually implies similarity as it is evidant if we recall terms such as
"model of a ship", "model railroad".

In our case we cannot be satisfied with a weak, qualitative similarity.
Model tests are made to provide quantitative answers, numbers. Such quantitative
answers can te cbtained by model tests, if a specific, rigorous type of
similarity is established which we call "similitude".

The objectives of the "scaling analysis" are to determine (a) whether or
not similitude can be achieved in a model test, and if so (b) what the scale
factors are.

If it turns out that the answer to (a) is negative, it is said that this
phenomenon "cannot be scaled”. Thus, strictly speaking, the term "scaled test”
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should imply that point (a) has been investigated and & positive result
found. As mentioned, this is often et variance with common usege.

To summarize: the word scaling impllies a specific and rigorous type of
similitude. The word "scaling" is and has been used in this meaning not
only in explosion research but also in other fields, in particuler in
hydrodynamics. Many books on our subject use the term "modeling”. Scaling
and modeling are synonyms. However, they are not commonly used inter-
changeably. It seems that the word "scaling" has replaced the word
"modeling”" in certain fields.

REQUIREMENTS FOR SIMILITUDE

After we have established that similitude is a must for any meaningful
model test, we will now proceed to the methods or the criteria which will
assure similitude. These methods are called scaling lavs, the laws of
similitude, or modeling rules, or the theory of models. They all mean the
same thing (See Appendix of this report.).

Explosions, as any other physical phenomena, are complex processes. This
means there are many different effects which influence the sequence of events.
Ideally, there must be similitude of all of these effects. Hence, there is
not one, but a great nuber of similarity requirements vhich must be
satisfied.

THE THREE BASIC SIMILITUDE REQUIREMENTS

In any non-static model test, at least three basic requirements for
similitude must be satisfied. These requirements are necessary but not
alwvays sufficient to assure similitude for the phenomenon to be studied.
These three basic requirements refer to geometric, kinemstic, and dynamic
similitude.
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BASIC SIMILITUDE REQUIREMENTS

Geometric Similitude
Length Scele Factor A

Kinematic Similitude
Velocity Scale Factor § = Al
Ae?
Acceleration Scale Factor d =

Dynamic Similitude

Pressure Scale Factor me ,0?;'
Energy Scale Factor E = rra\
Figure 1

Geometric Similitude. There are several ways to express the requirement
of similitude in a quantitative way. Here, we will use the concept of the
scale factor for this purpose. In Figure 1 the note "length scale factor, A"
is made under the first heading. This is to indicate the following concept.
If we reduce a.l dimensions of a given configuration by the seme factor, we
obtain a smaller configuration which is geometrically similar. We call the
factor used, the length scale factor A Everybody is familier with the
meaning of this magnitude: If we talk about a model test in a scale 1:10,
the length scale factor is 0.1. Of course A must have the same value in all
three directions of the coordinate system and A mist be constant with time.

To repeat: if we meticulously apply the rule, that every item of the
full scale prototype must be present in the model and that ell dimensions
of these items must be reduced by)\ , then we are assured of geometric
similitude.

It 1is clear thet geometric similitude is a prime requirement for model
tests. Still, often geometric similitude is either deliberstely omitted or
it turns ocut to be more difficult to satisfy than it may appear at the first
glance.

Example 1. If we want to study underwater explosion damege sgainst
submarines we may consider to build a model of the target and to conduct
the test on a small scale. When building such a model, besides geometric
similitude other rules for similitude must be observed vhich are not of
interest here. But, if one is convinced that, for instance, the conning

3
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tcwer does not influence the damage pettern, one may as well omit this item
in the model and one may be satiefied with approximete geometric similitude.
Obvicusly, there is no need to reproduce details which apparently would not
influence the result obtained.

Example 2, In a free water explosion, geometric similitude of the
explosive charge is an obvious necessity for similitude. However, it turns
out that it is difficult to meke exactly similar charge con{igurations. The
firing cap as well as the booster have a certain size which cannot be
indefinitely reduced. Even if this were possible, one would not do so,
because such small detonators will not assure a high order detonation.
Therefore, in most practical cases, the detonator will be the same in the
full-scale charge and in the model. (tviously, this is a violetion of the
requirement of strict geometric similitude. Fortunately, in most ceses,
this violation is not serious. Another characteristic length of an explosive
charge can spoil the requirements of similitude. This is the length of the
reaction zone. If the same explosive is used in the full-sgrale and in the
model test, this length is not reduced by the scele factor A , as it should be.
The only elternetive for strict similitude would be to use a different explo-
sive in the model test which agein, in principle, is a viclation of the
similitude requirements as will be seen below.

Exemple 3. There are cases where a deliberate deviation from similitude
is introduced for the purpose to account for effects which cannot bte scaled.
In this case one speaks of "distorted models". For instance in models of
rivers which are supposed to predict the propagation of floods and similar
phenomena, the height of the water sbove ground is usually not reduced in
the seame scale as the horizontal dimensions, or else the stream would be so
shallow that adhesion and surface-tension become the leading factor. Such
methods, do not comprise what one may call true scaling, because additional
informstion, such as theoretical calculations or empirical data or formlae,
is needed for the evaluation of such tests. PFinally, one sometimes speaks
of a dissimilar model which is a synonym of "analogue", for instance an
electricel circuit which simulates oscillations of a mechanicel system.

Kinematic Similitude. The next requiremcnt is thet of kinematic
similitude, i.e., the similitude of motions. Here, the time scale factor T
is introduced. The similitude requirements yield expressions for the
velocity scale factor and the acceleration scale factor. The expression
for the velocity scale factor must not be interpreted that velocity is
equal to distance divided by time or that the velocity is constant with
time. The expressions shown in Figure 1 are a result of the constancy of
the scale factors and smount to nothing more than the following simple trans-
formation: Consider a velocity occurring in the model test w,, then

L
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on o daax . A dx
Ymt = fre T at ™

We have used the subscript m to designate megnitudes which refer to the model,
whereas magnitudes referring to the full scale are those without subscript.

Kinematic similitude is an extension to velocity and acceleration of the
principles explained for the geometric similitude. For kinemstic similitude,
any and all velocities occurring in the model test must be reduced by the
velocity scale factor { . Of course this applies to velocities or accelera-
tions which occur at corresponding locations and at corresponding instants of
time:

Uy (tnp Xny Yms zm) = pu (t, x, ¥, 2),

or in words: The velocity in the model test up which occurs at the time tp

and at a point having the coordinates Xp, Y., Z;, 1s ¢ times the velocity in
the full scale at the time t and the location X, ¥, Z. The coordinates are

interrelated by

th =Tt
Xa = AX

Y, = AY

Zy = AZ .

Dynamic Similitude: Requirements for dynamic similitude can be derived from
Newton's law. This requirement assures that interactions between driving
forces and inertial forces are similar, For our purpose the introduction of
the pressure s-~ale factor r is convenient, Figure 1.P denotes the density
scale factor, i.e., the ratio of the densitiec:. iccurring in the model and the
full scale tests. (There are other scale factors connected with dynamic
similitude which we do not need for our purpose.)

For completeness, the energy scale factor is listed, although it does not
necessarily belong under this heading.

Magnitudes Availsble in the Scaling Analysis. We have so far listed scale
factors for velocity, acceleration, pressure, and energy, but it appears that
we can freely dispose of only two scale factors, namely, the time scale factor
T and the density scele factor O.
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The length scale factor A must be excluded because this magnitude is to
le considered as an independent wvarieble, It is dicteted by practicel con-
siderations, nemely the scale of the model test. For instance, if we decide
to simlate a 10 KT nuclear explosion by means of a 1,000-1b cherge, the
length scale factor is fixed. It is now the purpose of the scaling analysis
to find reletionships for the other magnitudes such as velocity, preesure, etc.

If ve consider underveter explosions, the cholce is further reduced to
‘he time scale factor T alone, if the model tests are mede in the same medium
as the full scale tests, nemely in water. This is & very coumon arrangement
which wve may call field model test. 'e will mnle the assumption of equal
mediun for the time being end will discuss later the possible adventeges of
using other liquids for the model explosion. If water is used in the model
te;t,ls = 1 and only T remains free to choose.

FURTHSR REQUIREMENTS FOR SIMILITUDE

The 1ist of similarity requirements, Figure 1, 1s not complele by fer.
This is evident since so far only one material constant is listed, namely the
density £. But, there are many other materiel constants which may affect the
explosion process such as compressibility, viscosity, surface tension, vapor
pressure, and finally gravity.

The procedure to be followed is well-knowm. The similarity requirements
can be obtained from the pertinent differential equations by means of a
similarity trensformetion. The method is treated et length in the litersture
and it is not necessary to reiterste ii here. We can make direct use the
results in the same way as the rules for differentiation or integration are
applied without recourse to the original derivation. The sceling analysis
hes resulted in the rule that for similarity of e specific effect a character-
istic number (i.e., & dimensionless magnitude) must have the same value for the
model test and the full scale condition. It has become customary to give these
characteristic numbers the names of famous scientists. PFigure 2 shows a list
of a few of the numbers which may have a bearing for explosions in free weter
(i.e. in sbsence of targets.). If similitude of the effects listed is desired,
the pertinent characteristic numbers must have the same value for the model
and the full scale. Figure 2 lists such numbers. There, u refers to a
velocity, L, to a length, T, to a time, and P, to a pressure. Here the
question may be raised which velocity, length, time, or pressure should be
inserted into these numbers. Strictly speaking, it does not matter, e.g.
any velocity may be used so long as corresponding velocities (in the sence
discussed above) are considered in the full scale and in the model test.
Commonly one would use e typical magnitude, for instance the peak velocity.
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Similitude of Compressibility Effects

u ~
Mach Number —~ B p=ca= cm/c

Similitude of Gravitational Effects

L v = ,
Froude Numler e —5 or = a=g=g'8

g gL

Similitude of Evaporstion end Con?ensation Effects

"
Thomas Number = PP T=P (r

vapor vapor * \'vapor )m /Pvapor

Similitude of the Effect of Surface Tension

[ d
Weber Number = % Tr= D= 19;11/’}‘

Similitude of the Effects of Viscosity

Reynolds Number s u7L 324 = Fa :‘n’r

Fimure 2
Additional Requirements for Similitude

In Fipure 2, the characteristic num'ers are also given in terms of the
scele factor. It is seen that in these relstionships the scale factor for
sound velocity T, the scale fector for gravity Tz', the scale factor for the
vapor pressure ?va.por , the scale fa_c'tor for surface tensions®, and the scale
factor for the kinematic viscosity ¢, occur. For field tests all these scale
factors are unity, because of the same medium and the same gravitational
acceleration for the mndel test and the full scele.

THE SCALING OF EXPLOSIO!N PUENOMENA

Phenomena which are associated with explosions include first of all shock
waves or blast waves. These pressure waves are a direct consequence of the
compressibility of the medium. Therefore, in mosi model tests on explosion
phenomena, it is importent to meke sure that there is similitude of the
effects of compressibility. Hence, the Mach similitude requirement must Ge
satisfied.
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In emvlosionn reseerch, we commonly do not refer to the Mach number but to
thre so-called cube root scaling which is the result of Mech's similitude.

It is cimle to derive the cube root sceling from the relations listed
in Firmursc 1 and 2. If we consider field tests, i.e., the same medium in
the full seels and in the model, then cp = ¢, and hence, from Mach's similitude
reouireusnt,$ = 1. This result could have been obtained without making
recource to lach's nurber, if the rules of similitude are consequently obeyed.
We have previously stated thnt any end all velocity should be reduced by the
velocity scale Jactor, ¥ . This also applies to the velocity of sound. If
we decide to meke the model tests in the same medium as a full scale test,
we have fixed the velocity scale, namely @ = 1.

Going beck to Figure 1 we obtain immediately the following relationships:

Velocity Scale $ =1

Titige |ScRl T oA for field mode tests
Pressure Scale o= 1 ¥=1 Pp=1
Enerry Scale £ = )3 P

Since the enerry of the explosive charge is proportional to its weight W,
the expression for the energy scale factor g yields

(8-> ()-8

and we obtain for the

Pressure Pn (tms Xm» Ypo Zy) = p (t, X, ¥, 2)
Velocity Uy (tyy Xy Yoo Z9) = u (¢, X, ¥, 2)
1’3

wm
Time th (T t

Tris scaling rule has -various names, the most common designation being
"cube root scaling”. Sometimes it is also called Hopkinson's law or
Hillier's lew. Another rather appropriate expression is "isovelocity
scaling”. As we have seen, these lews are nothing more than the consequence
of Mach's scaling when applied to explosion phenomena.
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RESULTING REQUIREMENTS

It {5 important not to overlook certain implications which result from
the requirement of consistent similitude. Tt is self understood that there
must be geometrie similitvde. If the effect of the bottom of the sea ls to
be studied, the bottom material must have the seme density and the same
sound velocity as in the full scale. Since the sound velocity changes with
pressure, T= 1 and { = 1 requires thet the sound-velocity-pressure relation-
ship must be identical for the model and the full scale.

Similarly, the explosive used in the model test must be the same as for
the explosive of the full scale prototype, that is the following properties
rmist be the same.

(a) The density of the explosive as well as that of the gaseous
reaction products,

(b) The energy of detonation per unit weight,
(c) The detonation pressure and detonation velocity, end
(4) The sound velocity at each point of the isentropic expansion curve.

Since the sound veloclity corresponds to the inclination of the isentropic
pressure-density curve, (a) is equivalent to the requirement of an identical
isentropic expansion curve. In other words the thermic and caloric equation
of state must be the same. Excepting a fev special cases, requirements (a)
to (d) cen be practically satisfied only by one and the seme explosive.

AN ILIUSTRATION OF THE SCOPE OF SCALING

At this point an example may illustrate the extent for which scaling can
provide answers. Consider the change of the shockwave peak pressure p with
distance R. The result obtained above amounts to

(5
Pl — ],
R

vhere f is an unspecified function. For the peak pressure of a TNT explosion
in water, the complete expression is the following:

3\ 1.13
P= 21,600(“:—) c
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The contribution of ihe scaling analysis is the establishment of the variable
w3 37R, Scaling analysis cannot provide the functional relationship for f.
This must be found elther by experiments or theory. We are reasonably sure
that the exponent for W must be 1’3 and we should be inclined to reject
experimental results which indicate different values for this exponent.
However, the exponent 1.13 in the above equation is an experimental result
which can never be obtained from the scaling analysis alone. The great
advantege of the scaling analysis is that it is not necessary to cover the
entire range of charge weights W and distances R which might be of interest.
The experimental effort in the determination of the function £ is greatly
reduced by the eli:aination of these two variables and concentration on the
single varieble Wi'3/R.

THE LIMITATIONS OF SCALING

We will uow proceed to the most important conclusion to be drawn for the
scope of the scaling analysis. The assumption of equal medie in the full
scale and in the model test left only one variable, T, to dispose of in the
scaling analysis. Using the Mach similarity requirement, T is determined to
be T =A . Therefore, there is no further variable available to satisfy
additional simiiitude requirements. A glance at Figure 2 shows that most of
the cther requirements contradict each other. It is impossible to satisfy
these at the same time: In particular, Mech's and Froude's scaling require-
ment cannot be satisfied simultaneously. In fact, the requirement for
similitude of compressibility, gravitational effects, surface tension, and
viscosity are not compatible with each other. We have here a grave drawback
of the scaling technique. We cannot satisfy all requirements for similitude,
and, therefore, can never achieve complete ideal similitude. Ve are restricted
to such phenomena which are predominantly governed by only ocne of these effects.
Thus, we can satisfy either Mach's or Reynolds', or Weber's requirement. To
make the situation worse for the study of underwater explosion phenomena, it
turns out thet Proude's similitude cennot be achieved in field tests, even if
the other requirements are ignored.

THE EFFECT OF GRAVITY ON UNDERWATER EXPLOSION PHENOMENA

Gravity affects strongly the behavior of the underwater explosion bubble.
The size of the bubble produced by a charge weight of, say, 100-1bs is so
large that the effect of buoyancy becomes noticeeble despite the relatively
short time of the bubble pulsation. For larger charge weights and, in particuler,
for nuclear explosions this effect is, of course, even more pronounced.

Buoyancy is an effect which results from gravity. Buoyancy is & consequence
of the increase of the hydrostatic pressure with depth. It is the resultant

10
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force, if the pressure is intecrated over the surface of s submersed body.
There would be no buoyancy 1" the hydrostatic pressure around the hodv were
constant. Since the chanre of the hydrostatic pressure with depth is clearly
a consequence of gravity, Froude's lav is epplicable if effects of buoyancy
are to be studied.

Gravity has a very profound effect on the behavior of a pulcating bubble,
It produces an upward motion of the bubble center, the so celled grevity
migration. Alsosit produces a change of shape of the tubble end a collision
of the butble interfaces when the butble epproaches its minimum size. The
strength of the migration and the details of the change of shape and of the
impect of the interfaces depend strongly on the interplay between buoyency
and the time for which it is effective, i.e., the period of the pulsation.
We will now derive the conditions which must be satisfied for an experimental
study of this effect in & small scale.

SCALING OF GRAVITATIONAL EFFECTS IN UNDER'VATER EXPLOSIO!NS

Since it is not possible to satisfy Mach's and Froude's similerity re-
quirement simlteneously, one may attempt to ignore the effects of compressi-
bility and try to reproduce the phenomena caused by gravity.

Obviously, the neglect of compressibility is rather serious for explosion
phenomena. However, as an approximation one may assume thet the underwater
explosion bubble is not affected by compressibility. This does not hold for
the moment where the bubble starts to expand or where it contracts to its

minimmbut, it is & good approximation for the relatively long time vhere
the pressure inside the bubble is small.

Froude's similitude requirement leads to the following relationship
between length scale factor and time scale factor:

A=t2
Again, this result could have been cobtained by considerations of consistent
similitude, namely that the scale factor for accelerations must be the same
for all accelerations including the acceleration of gravity.
From Figure 1 we obtain with @ = 1

Velocity scale factor y = 4\1/ 2

Pressure scale factor )T = A

Energy scale factor  § =15 = A¥,

n
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The last expression is the basis of the so-celled kth root sceling of under-
wator cxplosion phenomena under the effect of gravity. However, certain
precautions must be observed in the use of this scaling lew as will be seen
by consideration of the pressure scaling.

The result that the pressure scale factor is equal to the length scale
factor reflects the important situation that the hydrostatic pressure
increases with depth and, therefore, is proportional to a length. However,
this rule must be spplied to all other pressures. For instance, the detona-
tion pressure must be alco reduced proportional to the length scale of the model
test. Of particular importance is the reduction of the atmospheric pressure
sbove the water. As & consequence, the scaling requirement for gravity must
be expressed by two relationships: One referring to the length scale, the
other referring to the pressure scale.

It is customary to express the total hydrostatic pressure in the water in
terms of the hydrostatic head Z = 33 ft + depth. Here, 33 ft represents the
head of the atmosphere in ft of sea water. Then,the gravity scaling require-
ment can be fornlated as follows: For similitude of gravitational effects
the two magnittdes

L’l_/i and _W_l__/i (1)
D Z

must have the same value for the full scale and model test. Here, D denotes
the depth of explosion. It is obvious that this requirement cannot be
rigorously satisfied in a field test. It is the basis of the vacuum tank
technique where explosions are made in a closed container and where it is
possible to reduce the air pressure sbove the water. To obtain scaling
relaticns for this purpose, onc may write the scaling requirements as
follows:

/% wl’s

- ™ o33 (2)

If in the vacuum tank the magnitude x is reduced proportionally to the length
scaleyboth requirements listed above can be satisfied. However, it is not
possible to satisfy the scaling requirements for similitude of gravitational
effects in a field test. A possibility might be to make the tests in a
mounitain lake at a great height. All lakes known and suitable for this
rurpose are by far not at an altitude which would be necessary for scaling of
explosions of practical interest. For nuclear explosions the pressure must
be reduced to such a low value that the vapor pressure of water is approached.
In this case the bubble would behave similarly as if it would pulsate in water
vhich is near to its boiling point and scaling fails for this resson. (In a
test tank, the use of oil instead of water prevents this difficulty.)

12
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APPROXIMATE SCALING OF GRAVITY IN FIELD TESTS

Requirement (1) can be spproximately satisfied in a field model test if
the depth of the model explosion is large in comparison to 33 ft. This is &
valid approximation, but it amounts to a situation where the effect of
gravity becomes negligibly small.

., Another approximation is to ignore wl’,h D and to satisfy equality of

K b only. This means to ignore geometric similitude of the bubdble-water
surface configuration. Since the effect of the water surface on the bubdble
behavior is small, if the center of the bubble is, say 1.5 to 2 times the
muximum tubble radius below the original water surface this method constitutes
a good epproach in such cases. From the practical point of view, this method
1s again limitcd because for small A (i.e. for large explosions to be simulated
by reletively smell charge) the dapth of explosion of the model becomes so
shallov that the buhbble 18 either too close to or, in extreme cases, even
above the level of the weater surface. Also, it must not be overlooked that
for such tests the eiplosive for the model has to be modified in such a way
that it has the same density end specific energy (calories/gram) as the full
scale exnplosive, but produces a pressure which is smaller by the amount of
the length scale factor A .

THE HIGH GRAVITY TANK TECHNIQUE

It is possible to achieve both Mach's and Froude's similitude if the
model test is carried out in an accelerated container. If the scale factor
of "gravitational acceleration”, %, can be made equal to 1‘A, we obtain all
relationships previously derived for the cube root scaling. The great
edvantapge of such a test arrangement is the possibility to satisfy not only
Froude's similitude but also Mach's and Thomas's similitude. This means that
in a high gravity tenk evaporation and condencetion phenomena are scaled
together with those of the gravity. This is of particular significance for
the study of two important explosion phenomena, nunmely, the cavitation pro-
duced by the interaction of the shock vave with the water surface end for
the study of the behavior of nuclear explosion bulbler. These bubbles ere
filled with steam and not with permanent gascs as in the case of ordinary
explosives. Since the condensation of this steam is strongly affected by the
bubble behavior, which in turn depends on the gravitational effect, a simula-
tion of these phenomena is only possible in an accelerated test tank.
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['ODET. TESTS OTHER ™7 FIELD TESTS

o coveldaehions mele ro Per indiceie the limitations of the scaling
feetinique rt Cac eg cirmliencous similitude of different effects 1s concerned.
Tinowho cace of reavity, it vas even impossible to simulate its effects in e
CUY 1 Usste Tub, dropping the field test cechnique mede scaling possitle,
ithier in a veruum ten) or in the high gravity tenk. Therefore, the question
nay be roised: ‘ould it be possible to achieve similer advanteges by making
the model tests not in water but in another fluid? Of considerable prectical
interest for undervater explosions is the scaling of the surface tension
(“eber's similarity), because it hes a noteble effect on the formation of
the spray dome and other surfece phenomena. For the same resson Reynold's
crealing rould be desireble. A study of the properties of various liquids
‘hich could be used for this purpose revealed that none of those show the
variation in surface tension and viscosity which would be necessary to
setisfy the requirements or even improve the deficiency noticeably.

VHY SIMILITUDE?

Since it appears to be so difficult to satisfy the requirements for
similitude, the following question i1s pertinent at this point: why are
we 80 anxious about similitude? Are there other ways to make use of small
scale tests which do not satisfy the requirements of similitude?

Let us first realize the advantages of a test for which the similitude
requirements are satisfied:

Simplicity. All that is needed to obtain full-scale information from
the model tests is to divide the magnitudes measured by the pertinent scale
factors. Thus a simple change of the scale in the model results produces
the full scale data.

Confidence. If there is appropriate similitude, a model test is truly
equivalent co the full scale experiment. Model testing of this kind belongs
to the exact methods of the physical sciences.

Therefore, it is highly worthwhile, in fact necessary, for everyone who
plans an experiment to reflect on the scaling requirements and to strive
that they ex natisfied as far as possible. This need becomes even more
apparent, 12w realize that similitude is the only possibility by which
quantitative Pull scale information can be directly cbtained from e small
scale test. Here, the emphasis lies on "direct” which mesans: without use
of additionally obtained information, such as that from other full scale
tests or mathematical theory.
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APPROXIMATE SCALING IN GEWERAL

Since the fact remains that many underwater explosion phenomena of
important nature, in particular those which are connected with the btehavior
of the pulsating bubble cannct be appropriately scaled, it remains to
investigate other possibilities of using small scale explosions to obtain
the desired full scale results.

Approximations and idealizations of the actual phenomens by means of
simplified concepts are a tool used everywhere in physics. Nobody would
seriously attempt to solve the Navier-Stokes equations for a compressible
viscid fluid in the case of a slow, regular motion of water. In this case
the approximation of an ideal incompressible liquid will yield sufficiently
sccurate results. Moreover such approximations are also made in cases where
the conditions are by far not as clear cut and where the effect of compressi-
bility or viscosity may have an influence. Depending on the situetion often
excellent results are obtained by this way.

However, it requires experience and skill and a good feeling for the
neture of the problem to judge, if and how far such approximations are
permissivle. Therefore, it is necessary to have a thorough knowledge of
the nature of the problem if such approximations are made.

There are three methods vhich can be used in the case where similitude
cannot be achieved or where it is questionable. These are (a) the extra-
polation method, (b) the simultaneous attack of a problem by means of theory
and experiment, (c) the separation method.

The extrspolation method is promising if the effect which is not sceled
in the model test does not have too great an influence on the process. In
this case several model tests are made at a different scale. Since scaling
is not exactly observed, the reduced results obtained will be different and
will be a function of the length scale. A plot of the results versus the
scale in which the model test is performed gives some indication of the
importance of the neglected effect and oft=r permits an extrapolation to the
full scale condition. But, one can be sure of sich an extrapolation only if
the variations are small.,

Theory can be used to calculate and predict the phenomena for the model
test as well ag for the full scale condition. A comparison between the
results of the model test and theory will esteblish the confidence in the
theoreticel treatment or will permit to improve this theory until satisfactory
sgreement is obtained. After such a thorough check,application of the theory
to the full scale can be made without hesitatica.
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The ceparation method is used in cases where two effects, for instence,
that of gravity and viscosity, do not strongly affect each other. A classic
example is a study of the drag of ships in a towing tank. The resistance of
& ship consists of two portions, that which is caused by the wave formation
on water surface and the other which is caused by viccous friction. The
Pirst is governed by Froude's scaling, the second by Reynolds' scaling. In
the towing tank Froude's scaling can be getisfied but not Reynolds' scaling.
Therefore, the drag measured in the towing tenk must be corrected. The'
classic way was to account for the skin friction by means of a theoretical
formula, With the use of this formule the skin friction of the model is
eliminated so that only the wave resistance remains. This can be scaled to
the full scale condition and finally the full scale skin friction is added
as obtained from the formula.

In underwater explosion research, shock wave phenomena and bubble
phenomena are such effects which one may approximately consider to be
independent of cach other. Therefore, if a complete picture of an explo-
sion is desired,shock wave measurements could be made using the cube root
scaling lav and the bubble phenomena could be observed in a vacuum or
gravity tank using Froude's scaling. After each of these effects has been
scaled up to the full scale condition, & superposition will result in the
complete picture of the phenomena.

CONCLUSION

Scaling is an important, in fact, indispensable tool in the study of
undervater explosion phenomena.

The great adventages of this method are simplicity and confidence in
such cases where 1% can be properly applied. The great drawback of the
method is that it is not always possible to satisfy the requirements of
scaling.

APPENDIX

There were no comments by the members of the APEX Committe to this
presentation. However, after the meeting, discussions with Mr. Aronson
(10L) and Dr, Focke (APEX member) brought out & point worthwhile to be
added to this report.

It was stated that although the terms "scaling" and "modeling” are
sometimes used interchangesbly, and although the word "scaling" has replaced
the word "modeling" in certain fields, it is believed desirable to give them
separate meanings for scientific useage. The difference was formlated as
follows: *

16
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"Scaling it scen to exist in physicel e:xtperiments vhen the phenomena of
interest can be interrelated by the same physical lews regsrdless of the
magnitude of the experiment. DBy such a definition all laws of nature are,
of course, scaleble and scaling never feils: although man may fail in his

ability to scale.

"Modeling, on the other hand exists when it is necessary (because of
man's failure to scale) to introduce compromises in experiments, to obtain
results.

"Both terms imply similitude. Scaling means exact similitude in terms
of dimensional analysis of all factors, and modeling means a degree of
similitude less than exact, a compromise which is adequate for the problem
involved. One may, therefore, consider that scaling never fails but perhaps
never exists except as a concept. Modeling may fail as the compromises
required are too extensive to achieve the degree of similitude required for
the problem."

It seems thet notions of this nature are widespread and their Jjustifica-
tion is not only apparent but clearly convincing. In particuler it may be
pointed out that in common lenguage the term "model" never implies strict
similitude as it does if we use this term in the problem of scaling.
(Compare again the terms model railroad, model submarine. Furthermore, the
terms "similar model", "distorted model” and "dissimilar model” point in the
same direction.) I

However, there are two objections against the above formulations.

(1) It can be readily demonstrated that the term "model” or "modeling"
usually refers to exact similitude throughout the scientific literature if
the opposite is not specifically stated. This holds not only for the English
but also the French and German literature. For instance, in the important
book of Birkhoff (Hydrodynamics, Dover Publications, Inc., New York, 1955)
"scaling" and "modeling" are used interchangeably and many more examples can
be given for the use of the term’'model”in the sense of strict similitude., It
seems that a deviation from this generally accepted usege would cause more
confusion than help. Of course, one cculd use the term "approximate modeling"
in the same way es "distorted model", but the proposed distinction between
scaling and modeling appears to be inadvisable.

(2) The definition of scaling given above is rather a definition of
theory than scaling and does not fcllow the lines given in this report and in
the literature. Using the above formulation one would rather say: "scaling
is seen to exist in physical experiments when phenomena of interest can be
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interrclated by linecar similitude transformations of their coordinates,
regardless of the megnitude of the experiment”. This shows that sceling
is much niore restrictive then theory snd one may state that strict scaling
almost elvays fails. Almost all practical scaling attempts are approxima-
tions, cither excellent, fair or unacceptable ones.

To swmarize, it would be desirable to distinguish semantically between
the ideal sceling laws and the practicel reality by means of two distinctive
words which are clearly defined and which will help in commmnication. It is
regretiable that usage in the literature precludes the adoption of the above
rroposal. As things stand, we hardly have another choice then to use the
terms "exact scaling" and "approximate scealing".

18
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